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Abstrat
The properties of spin polarized neutron matter are studied both at zero and nite temperature
using the D1 and the D1P parameterizations of the Gogny interation. The results show two
dierent behaviors: whereas the D1P fore exhibits a ferromagneti transition at a density of
ρc ∼ 1.31 fm
−3
whose onset inreases with temperature, no sign of suh a transition is found for
D1 at any density and temperature, in agreement with reent mirosopi alulations.
PACS numbers: PACS numbers: 21.30.-x, 21.65.+f, 26.60.+, 97.60.Jd
1
The possible existene of a phase transition of neutron matter to a ferromagneti state
has motivated many investigations of the Equation of State (EoS) of spin-polarized neutron
matter. Besides the interest that suh a transition ould have in the ontext of neutron stars
[1℄, this problem has gained interest in itself and has been addressed in the framework of
very dierent theoretial approahes [2, 3, 4, 5, 6, 7, 8, 9, 10, 11℄. Whereas some of these
alulations, like for instane those based on Skyrme-like interations, predit a transition
at densities in the range (1 − 4)ρ0 (with ρ0 = 0.16 fm
−3
the saturation density of symmet-
ri nulear matter), others, like reent Monte Carlo [7℄ or BrueknerHartreeFok (BHF)
alulations [9, 10℄ using modern two- and three-body realisti interations, exlude suh
a transition at least up to densities around ve times ρ0. In spite of this disrepany, it
is interesting to study how temperature inuenes the ferromagneti transition [12, 13℄. In
Ref. [12℄ an analysis of the temperature eets in the framework of a Hartree-Fok alula-
tion with Skyrme interations was performed. In the present paper, we would like to study
the inuene of the nite-range terms of the interation on the ferromagneti transition.
To this end, we will onsider the Gogny interation. This is an eetive nuleon-nuleon
fore with both zero- and nite-range terms and a simple spin-isospin struture. In addition
to the original D1 parameterization [14℄, several other parameterizations of this fore have
been obtained. The D1S fore, for instane, was introdued to improve the pairing prop-
erties and surfae eets of nite nulei [15℄, while more reently the D1P [16℄ interation
has been introdued with the aim of reproduing the EoS of pure neutron matter given by
a variational mirosopi alulation with realisti interations [17℄.
The properties of nulear matter dedued from Gogny interations have already been
treated in the literature [18℄. Indeed, several instabilities produed by these fores at zero
temperature have been studied in previous works [19℄. The isospin instability, for instane,
is a ommon feature to all the existing Gogny parameterizations as well as of most Skyrme
fores. This instability is signaled by the fat that, above a ertain ritial density, the energy
per partile of nulear matter beomes more repulsive than that of neutron matter. For the
D1P fore, this instability takes plae at ρI ∼ 7ρ0, while for D1 it ours at ρI ∼ 3ρ0.
Furthermore, D1 and D1S also exhibit a spinodal instability in neutron matter, i.e., the
energy per partile does not inrease monotonially with density. Instead, it reahes a
maximum value at a ritial density (whih for D1 and D1S is around ρS ∼ 4ρ0) and then
dereases from that density on. For the disussion of our results, we will hoose the D1P
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and D1 parameterizations of the Gogny NN fore, sine they represent two qualitatively
dierent behaviors regarding ferromagneti instabilities.
In general, any Gogny interation an be asted in the following form:
VNN (~r) =
2∑
i=1
e
− r
2
µi
(
Wi +Bi Pσ −Hi Pτ −Mi Pσ Pτ
)
+ t0
(
1 + x0 Pσ
)
ραN δ(~r) (1)
with ~r the distane between two nuleons. The spin-isospin struture of the fore is given by
the spin (isospin) exhange operators Pσ (Pτ ). Notie that the usual spin-orbit term of the
Gogny interation has been omitted, beause it does not give any ontribution in innite
matter. The Gogny fore inludes a sum of two gaussian-shaped terms whih mimi the
nite-range eets of a realisti interation in the medium. Usually, it also ontains one
density-dependent zero-range term, even though in the ase of the D1P parameterization
two of these terms were used to make the tting proedure more exible.
In the following, we will onsider spin-polarized neutron matter, haraterized by the spin
polarization parameter ∆ = (ρ↑ − ρ↓)/(ρ↑ + ρ↓), where ρ↑(↓) is the density orresponding
to neutrons having spin up (down) respet to a given diretion, and by the total density,
ρ = ρ↑ + ρ↓. The energy per partile in the HartreeFok approximation is given by
e(ρ↑, ρ↓, T ) =
1
ρ
∑
σ,k
~
2k2
2m
nσ(k, T )
+
1
2ρ
∑
σ1,k1;σ2,k2
〈~k1σ1, ~k2σ2 | VNN | ~k1σ1, ~k2σ2〉A × nσ1(k1, T )nσ2(k2, T ) , (2)
where nσ(k, T ) are the momentum distributions:
nσ(k, T ) =
1
1 + eβ[ǫσ(k)−µσ ]
(3)
of eah spin omponent σ. At eah temperature T and density ρσ, a self-onsistent proe-
dure has to be performed to ompute the hemial potential of eah speies, µσ, from the
normalization ondition:
ρσ =
∑
k
nσ(k, T ) . (4)
One the momentum distribution is determined, the entropy per partile of the system is
given by:
s(ρ↑, ρ↓, T ) =
1
ρ
∑
σ,k
{
nσ(k, T ) lnnσ(k, T )
+ [1− nσ(k, T )] ln[1− nσ(k, T )]
}
. (5)
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From the internal energy and the entropy one an readily ompute the free energy per
partile, f(ρ↑, ρ↓, T ) = e(ρ↑, ρ↓, T ) − Ts(ρ↑, ρ↓, T ), and, from this, the inverse magneti
suseptibility is given by:
1
χ
=
1
µ2ρ
(
∂2f
∂∆2
)
∆=0
, (6)
with µ, the magneti moment of the neutron.
An important quantity for our analysis is the single-partile (sp) energy:
εσ(k) =
δe
δnσ(k)
=
~
2k2
2m
+ Uσ(k) (7)
where Uσ(k) is the sp potential. Note that in ontrast to the sp spetrum ǫσ(k) appearing
in Eq. (3), this sp energy ontains the rearrangement eets. The momentum dependene
of the sp potentials an be haraterized by the eetive mass m∗σ(k):
m∗σ(k)
m
=
[
m
~2k′
dεσ
dk′
]−1∣∣∣∣∣
k′=k
=
[
1 +
m
~2k′
dUσ
dk′
]−1∣∣∣∣∣
k′=k
. (8)
Let us start our analysis with the properties of the sp potential, U(k). Fig. 1 reports the
sp potential obtained from D1P for neutrons with spin up at saturation density in a non-
polarized system (∆ = 0) and in a fully polarized one (∆ = 1) for T=0 (left panels) and 40
MeV (right panels). The splitting due to the dierent spin polarizations an be understood
in terms of both the dependene of the sp potentials in phase spae and the dependene on
spin of the eetive NN interation [13℄. Moreover, the inrease of temperature makes the
sp potentials slightly less attrative in both ases due to the dependene on the transferred
momentum of the two-body matrix element whih, at nite temperature, is explored in a
wider range of momenta. In spite of the fat that the eetive mass depends on momentum,
for low enough values of k the sp potential an be asted in a quadrati form:
U (2)σ (k) = Uσ(0) +
[
1
2k
dUσ(k)
dk
]∣∣∣∣
kσ
F
k2 , (9)
in whih the derivative
dUσ(k)
dk
and the k-independent term Uσ(0) are determined from the full
sp spetrum at the orresponding temperature. Fig. 1 indeed illustrates that, for the density
and polarization under study, this quadrati approximation (dotted lines) is very lose to
the full k-dependent Uσ(k) sp potential (full lines), at least for momenta up to k
σ
F . The
approximation of Eq. (9) is devised to reprodue the slope of the spetrum at kF together
with its value at k = 0. The hoie of the Fermi momentum kσF is related to the fat that the
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most relevant hanges in the oupation of the sp states, when hanging ρ and T , essentially
involve the neighboring region of the Fermi surfae. The quadrati approximation of Eq. (9)
leads to an approximated form for the sp energies in terms of the eetive mass at the Fermi
surfae and a k-independent term of U
(2)
σ (k):
ǫσ(k, T ) ≈
~
2k2
2m∗σ(k
σ
F , T )
+ Uσ(k = 0, T ) . (10)
Finally, let us note that a similar piture is obtained for the other Gogny parameterizations.
In Fig. 2 we report the ratio χFree/χ (where χFree is the magneti suseptibility of the
free Fermi sea at the orresponding temperature) as a funtion of density. Results for the
D1P (D1) fores are shown on the left (right) panels of the gure at several temperatures.
A dierent qualitative behavior for the two parametrizations is learly observed. On the one
hand, the D1P parameterization leads, similarly to what was found in the ase of the Skyrme
interation [12℄, to a ferromagneti phase transition, signaled by a vanishing ratio χFree/χ.
The ritial density of this transition at T=0 MeV is ρc = 1.31 fm
−3
, a muh larger value
than the ones obtained with Skyrme interations, all of whih were systematially below 1
fm
−3
(see Tab. II of Ref. [12℄). Moreover, and even though it is diult to distinguish this
in the gure, the ritial density slightly inreases with temperature. This is in agreement
with the intuitive idea that thermal disorder inreases the onset density of ferromagnetism,
but it is opposite to what was found with Skyrme fores. On the other hand, no trae of a
ferromagneti transition is seen for D1 at any density or temperature. This behavior is very
similar to what was found in a BHF alulation with realisti interations [13℄. In addition,
the temperature dependene (the higher the temperature, the lower the ratio beomes) is
also in agreement with suh mirosopi alulations.
In this ontext, it is interesting to study the behavior of the entropy. To this end, plots of
the entropy per partile as a funtion of spin polarization at a xed value of density (ρ = ρ0)
and several temperatures are shown in Fig. 3. We onsider the entropy given by Eq. (5)
omputed with both i) the full momentum-dependent spetrum ǫσ(k) (symbols), and ii) the
quadrati approximation to ǫσ(k) of Eq. (9) (lines). In the two ases the exat hemial
potential determined from the normalization of the momentum distribution, Eq. (4), are
used. The agreement between the values of the entropy oming from the exat and the
approximated sp energies is rather satisfatory, the most signiant disrepanies not being
larger than a 3%. Both the D1 and the D1P parametrizations give rise to similar results: the
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entropy per partile is symmetri with respet to the non-polarized state and shows a maxi-
mum at zero polarization. In addition, the values of the entropy inrease with temperature,
whih is again an indiation that the entropy per partile behaves as naively expeted. This
so-onsidered natural behavior was also found in the BHF analysis of Ref. [13℄. In ontrast,
for Skyrme fores the entropy per partile of the polarized phase is seen to be higher than
the non-polarized one for a ertain density on [12℄. This denes a kind of ritial density,
whih is smaller than ρ0 for most Skyrme parametrizations. Suh a non-intuitive behavior
of the entropy as a funtion of the polarization an be related to the dependene of the
entropy on the eetive mass, and a ondition for the eetive masses an then be derived:
m∗(ρ,∆ = 1)
m∗(ρ,∆ = 0)
< 22/3 , (11)
if the quantity s(ρ,∆ = 1) − s(ρ,∆ = 0) has to be always negative. Most of the Skyrme
fores analyzed in Ref. [12℄ violate this riterion and thus lead to an anomalous" temperature
dependene for the onset density of ferromagnetism.
Notie, however, that for Skyrme fores the eetive mass is momentum and temperature
independent. This is atually not the ase of neutron matter desribed by means of Gogny
fores: the eetive masses do depend on both momentum and temperature. Nevertheless, as
it has been previously disussed, the sp spetrum and the entropy per partile are orretly
desribed by a quadratial momentum dependene, with an eetive mass alulated at
k = kσF for eah temperature. Within this approximation, one an proof that the riterion of
Eq. (11) is still valid at eah temperature. We have heked that both the D1 and the D1P
fores fulll the riterion of Eq. (11) in a vast region of the (T, ρ) parameter spae, whih
inludes both the lassial and degenerate limits. Thus, as it has been previously observed,
we do not expet that the ferromagneti transition (only present for D1P) has an anomalous
thermal behavior.
One of the questions that needs for a loser insight is why neutron matter desribed with
Gogny fores does not present a ferromagneti instability, or why it is only present at very
high densities. Intuitively, one expets that the instability will be related to the zero-range
term. This an be understood just by taking into aount that the pure zero-range term
only involves S-wave ontributions and, therefore, due to Pauli priniple, it is not possible
to have a ouple of neutrons with the same spin interating through the ontat term.
Therefore there is no ontribution to the total energy per partile of fully polarized matter
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from a zero-range term, whereas for non-polarized neutron matter this term is both strongly
density-dependent and repulsive, thus ontributing to the spin instability. In ontrast, the
behavior of nite-range terms, both diret and exhange, has the opposite dependene with
polarization: for a given density, the higher the polarization, the higher these ontributions
beome. In other words, if only nite-range terms were onsidered, the non-polarized system
would be energetially favored. In addition, the density dependene of these ontributions
is softer than that of the zero-range term. Therefore, the ompetition between zero and
nite-range eets is resolved in favor of the rst one at high values of the density. From
this, it is also obvious to understand why no transition is found for the D1 and the D1S
parametrizations. In these two ases, the tting parameters are suh that the zero-range term
does not ontribute for any polarization, beause x0 = 1. The zero-range term is therefore
not ative in neutron matter, whereas the diret and exhange parts of the nite-range
terms behave as mentioned, energetially favoring the non-polarized ase at all densities. In
ontrast, for the D1P fore x0 6= 1, and the zero-range term is ative. As a onsequene, the
instability arises one we ome aross a high enough ritial density.
In this work, we have studied the properties of polarized neutron matter with neutrons
interating through Gogny fores, both at zero and nite temperature. The results show two
dierent qualitative behaviors for the two parametrizations under study. On the one hand,
the D1P exhibits a ferromagneti transition at what an be onsidered a very high density,
ρc ∼ 1.31 fm
−3
. On the other hand, no sign of a ferromagneti transition is found for the D1
parameterization at any density or temperature. The ause of these two dierent behaviors
is related to the zero-range term, whih ontributes for D1P, but not for D1. Finally, we
have heked that the temperature dependene of the ferromagneti transition with D1P is
the one expeted by intuition, in agreement with the fat that the riterion of Eq. (11) for
the eetive masses is respeted in a wide range of densities and temperatures.
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FIG. 1: Single-partile potential U(k) for up neutrons in non-polarized (top panels) and totally
polarized (bottom panels) neutron matter at ρ = 0.16 fm−3 for T = 0 (left panels) and T = 40
MeV (right panels) within the D1P parameterization. U(k) and its quadrati approximation U (2)
are displayed in full and dashed lines respetively. The arrows denote the value of k
↑
F .
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FIG. 2: Ratio between the inverse magneti suseptibility of interating neutron matter and that
of the orresponding free Fermi sea as a funtion of density for several temperatures.
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FIG. 3: Entropy per partile as a funtion of the spin polarization at ρ = 0.16 fm−3 and several
temperatures. The exat Hartree-Fok values are depited with irles, diamonds and triangles,
whereas the lines illustrate the results obtained from a quadrati approximation of the single-
partile spetrum (Eq. (10)).
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